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(57) ABSTRACT 

The invention is concerned With the fabrication of a MIS 
semiconductor device of high reliability by using a low 
temperature process. Disclosed is a method of fabricating a 
MIS semiconductor device, Wherein doped regions are 
selectively formed in a semi-conductor substrate or a semi 
conductor thin ?lm, provisions are then made so that laser or 
equivalent high-intensity light is radiated also onto the 
boundaries betWeen the doped regions and their adjacent 
active region, and the laser or equivalent high-intensity light 
is radiated from above to accomplish activation. 
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MIS SEMICONDUCTOR DEVICE AND METHOD 
OF FABRICATING THE SAME 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a metal(M)-insu 
lator(I)-semiconductor(S) device generally known as a MIS 
semiconductor device (also knoWn as an insulated-gate 
semiconductor device). Such MIS semiconductor devices 
include, for example, MOS transistors, thin-?lm transistors, 
and the like. 

[0003] 2. Description of the Prior Art 

[0004] In the prior art, MIS semiconductor devices have 
been fabricated using self-alignment techniques. According 
to such techniques, a gate electrode is formed on a semi 
conductor substrate or a semiconductor ?lm With a gate 
insulating ?lm interposed therebetWeen, and using the gate 
electrode as a mask, impurities are introduced into the 
semiconductor substrate or the semiconductor ?lm. Thermal 
diffusion, ion implantation, plasma doping, and laser doping 
are typical methods of introducing impurities. With self 
alignment techniques, the edges of the impurity doped 
regions (source and drain) can be substantially aligned With 
the edges of the gate electrode, eliminating the overlap 
betWeen the gate electrode and the doped regions (that could 
give rise to the formation of parasitic capacitances) as Well 
as the offset that causes separation betWeen the gate elec 
trode and the doped regions (that could reduce effective 
mobility). 
[0005] The prior art process, hoWever, has had the prob 
lem that the spatial carrier concentration gradient betWeen 
the doped regions and their adjacent active region (channel 
forming region) formed beloW the gate electrode is too 
steep, thus causing an extremely high electric ?eld and 
increasing, in particular, the leakage current (OFF current) 
When a reverse bias is applied to the gate electrode. 

[0006] To address such a problem, the present inventor et 
al. have found that an improvement can be made by slightly 
offsetting the gate electrode With respect to the doped 
regions, and also that an offset of 300 nm or less can be 
obtained With good reproducibility by forming the gate 
electrode from an anodiZable material and by introducing 
impurities by using the resulting anodic oxide ?lm also as a 
mask. 

[0007] Furthermore, in the case of ion implantation, 
plasma doping and other methods that involve driving 
high-velocity ions into a semiconductor substrate or a semi 
conductor ?lm to introduce impurities, the crystallinity of 
the semiconductor substrate or ?lm needs to be improved 
(activation) since the crystallinity of the structure Where ions 
are driven is damaged by the penetrating ions. In the prior 
art, -it has been practiced to improve the crystallinity by 
thermal means using temperatures of 600° C. or higher, but 
according to the recent trend, loWer process temperatures are 
demanded. In this vieW, the present inventor et al. have also 
shoWn that the activation can be accomplished by using laser 
or equivalent high-intensity light and that such activation 
has signi?cant advantages for mass production. 

[0008] FIG. 2 shoWs a fabrication process sequence for a 
thin-?lm transistor based on the above concept. First, a base 
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insulating ?lm 202 is deposited over a substrate 210, and a 
crystalline semiconductor region 203 is formed in the shape 
as an island, over Which an insulating ?lm 204 that acts as 
a gate insulating ?lm is formed. Then, a gate connection 205 
is formed using an anodiZable material. (FIG. 2(A)) 

[0009] Next, the gate connection is anodiZed to form an 
anodic oxide ?lm 206 to a thickness of 300 nm or less, 
preferably 250 nm or less, on the surface of the gate 
connection. Using this anodic oxide as a mask, impurities 
(for example, phosphorous are driven by using a method 
such as ion implantation or ion doping to form impurity 
doped regions 207. (FIG. 2(B)) 
[0010] Thereafter, high-intensity light such as laser light is 
radiated from above to activate the regions Where the 
impurities have been introduced. (FIG. 2(C)) 
[0011] Finally, an inter-layer insulator 208 is deposited, 
contact holes are opened over the doped regions, and elec 
trodes 209 are formed for connection to the doped regions, 
thus completing the fabrication of the thin-?lm transistor. 
(FIG. 2(D)) 
[0012] HoWever, it has been found that in the above 
described process, the boundaries (indicated by X in FIG. 
2(C)) betWeen the doped regions and the active region (the 
semiconductor region directly beloW the gate and ?anked by 
the doped regions) are unstable, and that the reliability 
decreases due to increased leakage current, etc. after use for 
long periods of time. That is, as can be seen from the 
process, the crystallinity of the active region remains sub 
stantially unchanged throughout the process; on the other 
hand, the doped regions adjacent to the active region initially 
have the same crystallinity as that of the active region but 
their crystallinity is damaged during the process of impurity 
introduction. The doped regions are repaired in the subse 
quent laser radiation step, but it is dif?cult to restore the 
original crystallinity. Furthermore, it has been found that in 
particular, the portions of the doped regions that contact the 
active region cannot be activated suf?ciently as such por 
tions tend to remain unexposed to laser radiation. This 
results in discontinuity in the crystallinity betWeen the doped 
regions and the active region, tending to cause trapping 
states, etc. In particular, When impurities are introduced 
using a method that involves driving high-velocity ions, the 
impurity ions are caused to scatter and penetrate into regions 
beloW the gate electrode, so that the crystallinity of these 
regions is damaged. It has not been possible to activate such 
regions lying beloW the gate electrode by laser or other light 
since they are in the shadoW of the gate electrode. 

[0013] One Way to solve this problem is to radiate laser or 
other light from the reverse side to activate these regions. In 
this method, the boundaries betWeen the active region and 
the doped regions can be activated suf?ciently since the light 
is not blocked by the gate connection. This method, hoW 
ever, requires that the substrate material be transparent to 
light, and as a matter of course, cannot be employed When 
a silicon Wafer or the like is used as the substrate. Further 
more, most glass materials do not easily transmit ultraviolet 
light of Wavelength beloW 300 nm; therefore, KrF excimer 
lasers (Wavelength 248 nm), for example, that achieve 
excellent mass productivity cannot be used. 

SUMMARY OF THE INVENTION 

[0014] In vieW of the above problems, it is an object of the 
present invention to provide a MIS semiconductor device, 
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such as a MOS transistor and thin-?lm transistor, wherein 
device reliability is enhanced by achieving continuity in the 
crystallinity betWeen the active and doped regions. 

[0015] In the present invention, provisions are made so 
that When light energy emitted from a high-intensity light 
source such as a laser or a ?ash lamp is projected onto 
impurity doped regions from above for activation thereof, 
not only the doped regions but also a part of an active region 
adjacent thereto, in particular, the boundaries betWeen the 
active region and the doped regions, are exposed to the light 
energy. To achieve the purpose, a portion of a material 
forming a gate electrode is removed. 

[0016] According to a ?rst mode of the invention, the 
process comprises: a step in Which a material that acts as a 
mask for the formation of doped regions is formed over a 
crystalline semiconductor substrate or semiconductor ?lm, 
and then, using this material as the mask, Impurities are 
introduced into the semiconductor substrate or semiconduc 
tor ?lm; a step in Which the masking material is removed so 
that light energy can be projected onto both the doped and 
active regions, and in this condition, the light energy is 
projected for activation; and a step in Which a gate electrode 
(gate connection) is formed on the active region. 

[0017] When this process is employed, if an offset region 
is to be formed, the mask pattern for the formation of the 
doped regions needs to made larger in Width than the gate 
electrode pattern. If the gate electrode pattern Were made 
larger in Width than the mask pattern for impurity injection, 
the resulting gate electrode Would overlap the doped 
regions. 
[0018] Furthermore, it is dif?cult to precisely place masks 
at the same place in different steps When different photo 
masks are used. In particular, it is almost impossible to 
realiZe the offset condition of 1 pm or less, as required by the 
invention, in mass production. On the other hand, overlaying 
by using the same photo mask is relatively easy. Suppose, 
for example, that by using a certain photo mask, a connec 
tion pattern is formed, and then by using this pattern as a 
mask, impurity doped regions are formed, folloWed by the 
removal of the connection. When this same photo mask is 
used to form a connection subsequently, almost no offset is 
produced. HoWever, by anodiZing the surface of the con 
nection after that, the conductive surface of the connection 
recedes and the desired offset is achieved. 

[0019] On the other hand, if the ?rst formed connection is 
anodiZed, the surface of the resulting anodic oxide advances; 
if doped regions are formed using this anodiZed connection 
as a mask, the doped regions are formed outWardly of the 
initially formed connection pattern. Then, by anodiZing the 
second connection, the conductive surface of the connection 
recedes and the offset is increased. 

[0020] Thus, by forming the gate electrode from an anod 
iZable material and then anodiZing the gate electrode, the 
desired offset can be obtained With relative ease. It Will be 
recogniZed that the resulting anodic oxide also serves to 
prevent shorting betWeen layers. It Will also be appreciated 
that the gate electrode (connection) may be covered With an 
inter-layer insulator or the like, in addition to the anodic 
oxide, to reduce the capacitive coupling With upper connec 
tions. 

[0021] According to a second mode of the invention, the 
process comprises: a step in Which an insulating ?lm that 
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acts as a gate insulating ?lm is formed on a crystalline 
semiconductor substrate or semiconductor ?lm, and then by 
using the insulating ?lm as a mask, impurities are introduced 
in self-aligned fashion into the semiconductor substrate or 
semiconductor ?lm; and a step in Which ends of a gate 
electrode are selectively etched so that the gate electrode is 
offset With respect to impurity doped regions and so that 
light energy can be projected onto the boundaries betWeen 
the doped and active regions, and in this condition, the light 
energy is projected for activation. 

[0022] Preferably, the gate electrode is formed from an 
anodiZable material, and after exposure to the light energy, 
the gate electrode is anodiZed to cover its surface With a 
high-resistance anodic oxide, Which is further covered With 
an inter-layer insulator or the like to reduce the capacitive 
coupling With upper connections. 

[0023] According to a third mode of the invention, the 
process comprises: a step in Which an insulating ?lm that 
acts as a gate insulating ?lm is formed on a crystalline 
semiconductor substrate or semiconductor ?lm, folloWed by 
the formation of a gate connection (gate electrode) using an 
appropriate material, and then by using the gate connection 
as an electrode, the surface of the electrode is electrochemi 
cally coated With a conductive material or the like by an 
electrochemical reaction (e.g., electroplating); a step in 
Which impurities are introduced in self-aligned fashion into 
the semiconductor substrate or semiconductor ?lm by using 
the thus processed gate electrode region (the gate electrode 
and the conductive material deposited on its surface) as a 
mask; and a step in Which part or Whole of the previously 
deposited material is removed so that light energy can be 
projected onto the boundaries betWeen the doped and active 
regions, and in this condition, the light energy is projected 
for activation. 

[0024] Preferably, the gate electrode is formed from an 
anodiZable material, and after exposure to the light energy, 
the gate electrode is anodiZed to cover its surface With a 
high-resistance anodic oxide, Which is further covered With 
an inter-layer insulator or the like to reduce the capacitive 
coupling With upper connections. 

[0025] AnodiZable materials preferable for use in the 
present invention include aluminum, titanium, tantalum, 
silicon, tungsten, and molybdenum. These materials may be 
used singly or in alloy form to form a gate electrode of a 
single layer or multilayer structure. It Will be recogniZed that 
a minute amount of other elements may be added to the 
above materials. For anodic oxidation, a Wet process is 
commonly employed in Which oxidation is carried out in an 
electrolyte, but it Will be appreciated that a knoWn plasma 
anodic oxidation method (oxidation in a reduced-pressure 
plasma atmosphere) may be employed. It Will be further 
appreciated that the oxidation process is not limited to 
anodic oxidation but that other suitable oxidation methods 
may be used. 

[0026] Sources for light energy suitable for use in the 
present invention include: excimer lasers such as KrF lasers 
(Wavelength 248 nm), XeCl lasers (308 nm), ArF lasers (193 
nm), XeF lasers (353 nm), etc.; Nd:YAG lasers (1064 nm) 
and its second, third, and fourth harmonics; coherent light 
sources such as carbon dioxide gas lasers, argon ion lasers, 
copper vapor lasers, etc.; and incoherent light sources such 
as xenon ?ash lamps, krypton arc lamps, etc. 
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[0027] The MIS semiconductor device fabricated by the 
above process is characteriZed in that, When vieWed from the 
top, the junctions of the doped regions (source and drain) 
and the gate electrode region (including the gate electrode 
and its associated anodic oxide) are essentially the same in 
shape (similar form), and that the gate electrode (de?ned by 
its conductive surface and excluding its associated anodic 
oxide) is offset With respect to the doped regions. 

[0028] When the gate electrode has no oxide, such as 
anodic oxide, formed thereon, there is no oxide formed 
around the gate electrode, and the gate electrode is offset 
With respect to the doped regions, the Width of the offset 
preferably being 0.1 to 0.5 pm. 

[0029] In the present invention, it is also possible to 
control the thicknesses of individual oxides such as anodic 
oxides formed on the same substrate by adjusting, for 
example, the applied voltage for each connection. In this 
case, the thickness of the oxide formed part of the gate 
electrode region and the thickness of the oxide forming part 
of a capacitor (or a portion at an intersection betWeen 
connections) may be set independently of each other to 
appropriate values that suit their respective purposes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIGS. 1(A) to 1(E) shoW an embodiment of the 
present invention. (Cross-sectional vieWs) 
[0031] FIGS. 2(A) to 2(D) shoW an embodiment accord 
ing to the prior art. (Cross-sectional vieWs) 

[0032] FIGS. 3(A) to 3(F) shoW an embodiment of the 
present invention. (Cross-sectional vieWs) 
[0033] FIGS. 4(A) to 4(C) shoW an embodiment of the 
present invention. (Top plan vieWs) 

[0034] FIGS. 5(A) to 5(E) shoW an embodiment of the 
present invention. (Cross-sectional vieWs) 
[0035] FIGS. 6(A) to 6(F) shoW an embodiment of the 
present invention. (Cross-sectional vieWs) 
[0036] FIGS. 7(A) to 7(E) shoW an embodiment of the 
present invention. (Cross-sectional vieWs) 
[0037] FIGS. 8(A) to 8(F) shoW an embodiment of the 
present invention. (Cross-sectional vieWs) 
[0038] FIGS. 9(A) to 9(C) shoW an embodiment of the 
present invention. (Top plan vieWs) 

[0039] FIGS. 10(A) to 10(F) shoW an embodiment of the 
present invention. (Cross-sectional vieWs) 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0040] [Embodiment 1] 
[0041] FIG. 1 shoWs the process according to this 
embodiment. This embodiment is concerned With the fab 
rication of a thin-?lm transistor on an insulating substrate. 
The substrate 101 shoWn is formed from glass; no-alkali 
glass, such as Coning 7059, or quartZ or the like can be used 
to form the substrate. In this embodiment, a Coning 7059 
substrate Was used in consideration of the cost. A silicon 
oxide ?lm 102 as the base oxide ?lm Was deposited over the 
substrate. Sputtering or chemical vapor deposition (CVD) 
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techniques can be used to deposit the silicon oxide ?lm. In 
this embodiment, deposition of this ?lm Was performed by 
plasma CVD using tetraethoxysilane (TEOS) and oxygen as 
the material gas. The substrate Was heated to temperatures 
200 to 400° C. The silicon oxide base ?lm Was deposited to 
a thickness of 500 to 2000 

[0042] Next, an amorphous silicon ?lm Was deposited and 
patterned into an island shape. Plasma CVD and loW 
pressure CVD techniques are commonly used to deposit 
such an amorphous silicon ?lm. In this embodiment, the 
amorphous silicon ?lm Was deposited by plasma CVD using 
monosilane (SiH4) as the material gas. The amorphous 

silicon ?lm Was deposited to a thickness of 200 to 700 This ?lm Was exposed to the radiation of laser light (KrF 

laser of Wavelength 248 nm and pulse Width 20 nsec). Prior 
to the laser radiation, the substrate Was heated for 0.1 to 3 
hours at temperatures 300 to 550° C. in a vacuum to extract 
the hydrogen contained in the amorphous silicon ?lm. The 
laser’s energy density Was 250 to 450 mJ/cm2. The substrate 
Was held at temperatures 250 to 550° C. during the laser 
radiation. As a result, the amorphous silicon ?lm Was 
crystalliZed, resulting in the formation of a crystalline sili 
con ?lm 103. 

[0043] Next, a silicon oxide ?lm 104 that Was to act as a 
gate insulating ?lm Was formed to a thickness of 800 to 1200 
A. In this embodiment, deposition of this ?lm Was accom 
plished by using the same method as employed for the 
formation of the silicon oxide base ?lm 102. Then, a 
masking material 105 Was applied, Which is usually made 
from an organic material such as polyimide, conductive 
material such as aluminum, tantalum, titanium, or other 
metal, semiconductor such as silicon, or conductive metallic 
nitride such as tantalum nitride or titanium nitride. In this 
embodiment, a photosensitive polyimide Was used to form 
the masking material 105 having a thickness of 2000 to 
10000 A. (FIG. 1(A)) 

[0044] Then, using a plasma doping technique, boron (B) 
or phosphorus (P) ions Were driven to form doped regions 
106. The acceleration energy of the ions is usually set to 
match the thickness of the gate insulating ?lm 104; typically, 
for the gate insulating ?lm of 1000 A thickness, appropriate 
acceleration energy Was 50 to 65 keV for boron and 60 to 80 
keV for phosphorus. A dose of 2><1014 cm'2 to 6><l015 cm'2 
Was found appropriate, and it Was also found that at loWer 
doses, a device of higher reliability can be obtained. The 
pro?les of the doped regions shoWn in the ?gure are only for 
illustrative purposes, and it is to be understood that in 
actuality the regions extend more or less outside the illus 
trated pro?les because of ion scattering, etc. (FIG. 1(B)) 

[0045] After the impurity doping Was completed, the 
polyimide masking material 105 Was etched aWay. The 
etching Was performed in an oxygen plasma atmosphere. As 
a result, the doped regions 106 and an active region ?anked 
by them Were revealed as shoWn in FIG. 1(C). In this 
condition, laser radiation Was performed to activate the 
doped regions. The laser used Was a KrF excimer laser 
(Wavelength 248 nm, pulse Width 20 nsec), and the laser’s 
energy density Was 250 to 450 mJ/cm2. More effective 
activation Was obtained by holding the substrate at tempera 
tures 250 to 550° C. during the laser radiation. Typically, for 
phosphorus-doped regions, a sheet resistance of 500 to 1000 
Q/cm2 Was obtained With a dose of 1><1015 cm_2, substrate 



US 2002/0123179 A1 

temperature of 250° C., and laser energy of 300 mJ/cm2. 
Furthermore, in this embodiment, since the boundaries 
betWeen the doped regions and the active region are also 
exposed to laser radiation, the prior art fabrication problem 
of reduced reliability due to the degradation of the boundary 
portions is drastically alleviated. (FIG. 1(C)) 

[0046] After that, a tantalum gate electrode (connection) 
having a Width 0.2 pm narroWer than the masking material 
105 Was formed by patterning, and electric current Was 
applied to the gate electrode to perform anodic oxidation to 
form an anodic oxide of 1000 to 2500 A thickness. To 
achieve the anodic oxidation, the substrate Was immersed in 
an ethylene glycol solution of 1-5% citric acid, and all gate 
electrodes Were combined to form the positive electrode 
While a platinum Was used to form the negative electrode; in 
this condition, the applied voltage Was increased at a rate of 
1 to 5 volts per minute. The thus formed gate electrode 107 
Was clearly in an offset condition With respect to the doped 
regions. The anodic oxide produced on the gate electrode not 
only determines the amount of the offset of the thin-?lm 
transistor but also serves to prevent shorting to upper 
connections; therefore, it is only necessary for the oxide to 
have the thickness that can achieve the purpose, and depend 
ing on cases, the formation of such an anodic oxide may not 
be necessary. (FIG. 1(D)) 

[0047] Finally, a silicon oxide ?lm 108 as an inter-layer 
insulator Was formed to a thickness of 2000 to 1000 A by 
plasma CVD using, for example, TEOS as the material gas, 
and this ?lm Was opened in a WindoW pattern, through Which 
electrodes 109, each consisting of a multilayer ?lm of metal 
or other materials e.g. a multilayer ?lm comprising a tita 
nium nitride of 200 A thickness and an aluminum of 5000 
A thickness, Were formed for connection to the doped 
regions, thus completing the fabrication of the thin-?lm 
transistor. (FIG. 

[0048] [Embodiment 2] 
[0049] FIGS. 3 and 4 shoW the process according to this 
embodiment. FIG. 3 is a cross-sectional vieW taken along a 
dashed line in FIG. 4 (top plan vieW). First, a silicon oxide 
base ?lm Was formed over a substrate (Coning 7059) 301, 
and an amorphous silicon ?lm Was formed to a thickness of 
1000 to 1500 Then, annealing Was performed for 24 to 48 
hours at 600° C. in a nitrogen or argon atmosphere, to 
crystalliZe the amorphous silicon Which Was then patterned. 
An island of crystalline silicon 302 Was thus formed. Fur 
ther, a silicon oxide ?lm 303 that Was to act as a gate 
insulating ?lm Was deposited to a thickness of 1000 A, on 
Which Were formed tantalum connections (thickness 5000 
A) 304, 305, and 306. (FIG. 3(A)) 
[0050] Next, electric current Was applied to these connec 
tions 304 to 306 to form ?rst anodic oxides of 2000 to 2500 
A thickness, 307, 308, and 309, over their surfaces. Using 
the thus processed connections as a mask, impurities Were 
introduced into the silicon ?lm 302 by plasma doping to 
form doped regions 310. (FIGS. 3(B) and 4(A)) 

[0051] Next, the above processed tantalum connections 
and the anodic oxides Were removed to expose the surfaces 
of active regions. In this condition, KrF excimer laser light 
Was radiated to perform activation. (FIG. 3(C)) 

[0052] After that, the exactly same pattern (connections 
311, 312, 313) as the previous connections 304 to 306 Was 
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formed using tantalum. A polyimide ?lm 314 of 1 to 5 pm 
thickness Was formed only on the portion of the connection 
313 Where a contact hole Was to be formed. For the 
polyimide, a photosensitive polyimide material is preferable 
for use because of ease of patterning. (FIGS. 3(D) and 4(B)) 

[0053] In this condition, electric current Was applied to the 
connections 311 to 313 to form second anodic oxides of 
2000 to 2500 A thickness, 315, 316, and 317. HoWever, the 
portion on Which the polyimide Was previously formed Was 
not anodiZed but left With a contact hole 318. (FIG. 

[0054] Finally, a silicon oxide ?lm 319 of 2000 to 5000 A 
thickness Was deposited as an inter-layer insulator, through 
Which contact holes Were opened. The inter-layer insulator 
deposited on a portion of the connection 312 (the portion 
inside the dotted line 322 in FIG. 4(C)) Was completely 
removed to expose the underlying second anodic oxide 316. 
Then, connections/electrodes 320 and 321 each consisting of 
a multilayer ?lm of tantalum nitride (thickness 500 and 
aluminum (thickness 3500 Were formed to complete the 
fabrication of the circuit. In this situation, the connection 
321 at the portion 322 forms a capacitance With the con 
nection 312 and is connected to the connection 313 through 
the contact 323. (FIGS. 3(F) and 4(C)) 

[0055] [Embodiment 3] 
[0056] FIG. 5 shoWs the process according to this 
embodiment. FIG. 5 is a cross-sectional vieW illustrating the 
sequence of processing steps in the fabrication of a thin-?lm 
transistor. First, a silicon oxide base ?lm 502 Was formed 
over a substrate (Coning 7059) 501, and an amorphous 
silicon ?lm Was formed to a thickness of 1000 to 1500 A in 
the shape of an island. Then, annealing Was performed for 2 
to 48 hours at temperatures 500 to 600° C. in a nitrogen or 
argon atmosphere to crystalliZe the amorphous silicon. An 
island of crystalline silicon 503 Was thus formed. Further, a 
silicon oxide ?lm 504 that Was to act as a gate insulating ?lm 
Was deposited to a thickness of 1000 After that, an 
aluminum ?lm (thickness 5000 containing 1 to 2% 
silicon Was deposited by sputtering, and a photoresist Was 
applied by spin coating. Next, patterning Was performed 
using a knoWn photolithographic process. Using a photore 
sist 506 formed by this process as a mask, anisotropic 
etching Was performed by using a technique of reactive ion 
etching (RIE), to form an aluminum gate electrode/connec 
tion 505. (FIG. 5(A)) 

[0057] Then, the etching mode Was sWitched to conven 
tional plasma mode to perform isotropic etching. As a result, 
the sides of the aluminum gate electrode/connection Were 
recessed. The amount of the gate electrode recess Was 
controlled to 2000 to 3000 A by adjusting the etching time. 
Next, impurities Were introduced into the silicon ?lm 503 by 
plasma doping, to form doped regions 507. (FIG. 5(B)) 

[0058] Next, the photoresist 506 Was removed to expose 
the gate electrode/connection, and in this condition, activa 
tion Was performed by radiating KrF excimer laser light. In 
this radiation step, the boundaries (indicated by X in FIG. 
5(C)) betWeen the doped regions and the active region Were 
also exposed to laser radiation. (FIG. 5(C)) 

[0059] After that, the substrate Was immersed in an eth 
ylene glycol solution of tartaric acid, and the gate connection 
Was anodiZed to form an anodic oxide 508 of 2000 to 2500 
A thickness on the surface thereof. 
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[0060] Finally, a silicon oxide ?lm as an inter-layer insu 
lator 509 Was deposited to a thickness of 2000 to 5000 A, 
and contact holes Were opened to expose the doped regions. 
Then, connections/electrodes 510 each consistin of a mul 
tilayer ?lm of tantalum nitride (thickness 500 A) and alu 
minum (thickness 3500 Were formed to complete the 
fabrication of the thin-?lm transistor. (FIG. 

[0061] [Embodiment 4] 
[0062] FIG. 6 shoWs the process according to this 
embodiment. A silicon oxide base ?lm Was formed over a 

substrate (Coning 7059) 601, and an amorphous silicon ?lm 
Was formed to a thickness of 1000 to 1500 A in the shape of 
an island. Next, annealing Was performed for 2 to 48 hours 
at temperatures 500 to 600° C. in a nitrogen or argon 
atmosphere to crystalliZe the amorphous silicon. An island 
of crystalline silicon 602 Was thus formed. Further, a silicon 
oxide ?lm 603 that Was to act as a gate insulating ?lm Was 
deposited to a thickness of 1000 A, and aluminum connec 
tions (thickness 5000 604, 605, and 606 Were formed. 
(FIG. 6(A)) 
[0063] Furthermore, anodic oxides 607, 608, and 609 Were 
formed over the surfaces of the connections 604 to 606, 
respectively. Next, using the thus processed-connections as 
a mask, impurities Were introduced into the silicon ?lm 602 
by plasma doping to form doped regions 610. (FIG. 6(B)) 

[0064] Then, the aluminum connections 604 to 606 Were 
etched off together With the anodic oxides, to expose the 
surface of the semiconductor region 602. In this condition, 
activation Was performed by radiating KrF excimer laser 
light. (FIG. 6(C)) 
[0065] After that, aluminum connections 611, 612, and 
613 Were formed in the same pattern as that of the previously 
formed connections 604 to 606. Then, a polyimide ?lm of 1 
to 5 pm thickness Was formed covering the connection 611. 
For the polyimide, a photosensitive polyimide material is 
preferable for use because of ease of patterning. (FIG. 6(D)) 

[0066] In this condition, electric current Was applied to the 
connections 611 to 613 to form anodic oxides of 2000 to 
2500 A thickness, 615 and 616. HoWever, the portion of the 
connection 611 covered With the polyimide Was not anod 
iZed. (FIG. 

[0067] Finally, a silicon oxide ?lm 617 as an inter-layer 
insulator Was deposited to a thickness of 2000 to 5000 A, 
and contact holes Were opened to expose the doped regions 
610. The inter-layer insulator deposited on a portion 620 of 
the connection 613 Was completely removed to expose the 
anodic oxide 616. Then, connections/electrodes 618 and 619 
each consisting of a multilayer ?lm of tantalum nitride 
(thickness 500 and aluminum (thickness 3500 Were 
formed to complete the fabrication of the circuit. In this 
situation, the connection 619 at the portion 620 and the 
connection 613 together form a capacitor With the anodic 
oxide 616 acting as the dielectric. (FIG. 

[0068] [Embodiment 5] 
[0069] FIG. 7 shoWs the process according to this 
embodiment. This embodiment is concerned With the fab 
rication of a thin-?lm transistor on an insulating substrate. 
The substrate 701 shoWn is formed from glass; no-alkali 
glass, such as Coning 7059, or quartZ or the like can be used 
to form the substrate. In this embodiment, a Coning 7059 
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substrate Was used in consideration of the cost. A silicon 
oxide ?lm 702 as the base oxide ?lm Was deposited over the 
substrate. Sputtering or chemical vapor deposition (CVD) 
techniques can be used to deposit the silicon oxide ?lm. In 
this embodiment, deposition of this ?lm Was performed by 
plasma CVD using tetraethoxysilane (TEOS) and oxygen as 
the material gas. The substrate Was heated to temperatures 
200 to 400° C. The silicon oxide base ?lm Was deposited to 
a thickness of 500 to 2000 

[0070] Next, an amorphous silicon ?lm Was deposited and 
patterned into an island shape. Plasma CVD and loW 
pressure CVD techniques are commonly used to deposit 
such an amorphous silicon ?lm. In this embodiment, the 
amorphous silicon ?lm Was deposited by plasma CVD using 
monosilane (SiH4) as the material gas. The amorphous 

silicon ?lm Was deposited to a thickness of 200 to 700 This ?lm Was exposed to the radiation of laser light (KrF 

laser of Wavelength 248 nm and pulse Width 20 nsec). Prior 
to the laser radiation, the substrate Was heated for 0.1 to 3 
hours at temperatures 300 to 550° C. in a vacuum to extract 
the hydrogen contained in the amorphous silicon ?lm. The 
laser’s energy density Was 250 to 450 mJ/cm2. The substrate 
Was held at temperatures 250 to 550° C. during the laser 
radiation. As a result, the amorphous silicon ?lm Was 
crystalliZed resulting in the formation of a crystalline silicon 
?lm 703. 

[0071] Next, a silicon oxide ?lm 704 that Was to act as a 
gate insulating ?lm Was formed to a thickness of 800 to 1200 
A. In this embodiment, deposition of this ?lm Was accom 
plished by using the same method as employed for the 
formation of the silicon oxide base ?lm 702. Then, a gate 
electrode 705 Was formed using an anodiZable material, for 
example, a metal such as aluminum, tantalum, or titanium, 
a semiconductor such as silicon, or a conductive metallic 
nitride such as tantalum nitride or titanium nitride. In this 
embodiment, aluminum Was used to form the gate electrode 
705 of 2000 to 10000 A thickness. At this time, since the 
aluminum Was patterned using phosphoric acid, the alumi 
num ?lm Was etched isotropically, resulting in the cross 
section shoWn in the ?gure. (FIG. 7(A)) 

[0072] After that, electric current Was applied to this gate 
connection 705 to form a metal ?lm 706 of 2000 to 2500 A 
thickness on the surface thereof. This metal ?lm Was formed 
using means similar to a so-called electroplating process. 
Copper, nickel, chromium, Zinc, tin, gold, silver, platinum, 
palladium, rhodium, etc. can be used as the material for the 
metal ?lm. Of these, a material of easy etching is preferable. 
Chromium Was used in this embodiment. First, chromic 
anhydride Was dissolved in a 0.1-2% solution of sulfuric 
acid to produce a 1-30% solution. Then, the substrate Was 
immersed in this solution, and the gate connection Was 
connected to the cathode While a platinum electrode Was 
used as the counter electrode (anode). In this condition, a 
current of 100 to 4000 A/m2 Was applied With the tempera 
ture held at 45 to 55° C. 

[0073] After coating the surface of the gate connection 
With a chrome ?lm by the above process, boron (B) or 
phosphorus (P) ions Were introduced to form doped regions 
707. The acceleration energy or the ions is usually set to 
match the thickness of the gate insulating ?lm 704; typically, 
for the gate insulating ?lm of 1000 A thickness, appropriate 
acceleration energy Was 50 to 65 keV for boron and 60 to 80 
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keV for phosphorus. Adose of 2><1014 cm'2 to 6><1015 cm'2 
Was found appropriate, and it Was also found that at lower 
doses, a device of higher reliability can be obtained. Since 
the impurities Were introduced With the chrome coating 
formed as described above, an offset Was produced betWeen 
the gate electrode (aluminum) and the doped regions. The 
pro?les of the doped regions shoWn in the ?gure are only for 
illustrative purposes, and it is to be understood that in 
actuality the regions extend more or less outside the illus 
trated pro?les because of ion scattering, etc. (FIG. 7(B)) 

[0074] After the impurity doping Was completed, only the 
chrome ?lm formed in the plating step Was etched off. The 
substrate Was immersed in an ethylene glycol solution of 
1-5% tartaric acid, and the gate connection Was connected to 
the anode While a platinum electrode Was used as the 
cathode; in this condition, electric current Was applied to 
oxidiZe and dissolve the chrome coating formed on the gate 
connection. Since the chromium dissolved in the solution 
adheres to the platinum electrode, the chromium is recov 
ered for reuse, thus realiZing a closed system that does not 
discharge harmful chromium to the outside. When the gate 
connection is completely stripped of the chromium, then the 
aluminum in the gate connection is subjected to anodic 
oxidation, but this can be suppressed by limiting the applied 
voltage. For example, When the applied voltage is limited to 
10 V or less, anodic oxidation of the aluminum proceeds 
very little. 

[0075] In this manner, only the chrome coating Was etched 
off to expose the surface of the connection. As a result, the 
boundaries (indicated by X) betWeen the doped regions 707 
and the active region ?anked by them Were revealed as 
shoWn in FIG. 7(C). In this condition, laser radiation Was 
performed to activate the doped regions. The laser used Was 
a KrF excimer laser (Wavelength 248 nm, pulse Width 20 
nsec), and the laser’s energy density Was 250-450 mJ/cm2. 
More effective activation Was obtained by holding the 
substrate at temperatures 250 to 550° C. during the laser 
radiation. Typically, for phosphorus-doped regions, a sheet 
resistance of 500 to 1000 Q/cm2 Was obtained With a dose 
of 1><1015 cm_2, substrate temperature of 250° C., and laser 
energy of 300 mJ/cm2. Furthermore, in this embodiment, 
since the boundaries betWeen the doped regions and the 
active region are also exposed to laser radiation, the prior art 
fabrication problem of reduced reliability due to the degra 
dation of the boundary portions is drastically alleviated. In 
this process step, since the laser light directly hits the 
exposed surface of the gate connection, it is desirable that 
the connection surface be capable of sufficiently re?ecting 
the laser light or the connection itself be provided With 
sufficient heat resistance. In cases Where suf?cient surface 
re?ectance cannot be provided, it is desirable that some 
provisions be made, such as, providing a heat resistant 
material on the upper surface. (FIG. 7(C)) 

[0076] After that, the gate electrode Was anodiZed to form 
an anodic oxide 708 of 1500 to 2500 A thickness on the 
surface thereof. To achieve the anodic oxidation, the sub 
strate Was immersed in an ethylene glycol solution of 1-5% 
citric acid, and all gate electrodes Were combined to form the 
positive electrode While a platinum Was used to form the 
negative electrode; in this condition, the applied voltage Was 
increased at a rate of 1 to 5 volts per minute. The anodic 
oxide 708 not only determines the amount of the offset of the 
thin-?lm transistor because the conductive surface becomes 
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recessed by the anodic oxidation process, but also serves to 
prevent shorting to upper connections; therefore, it is only 
necessary for the oxide to have the thickness that can 
achieve the purpose, and depending on cases, the formation 
of such an anodic oxide may not be necessary. (FIG. 7(D)) 

[0077] Finally, a silicon oxide ?lm 709 as an inter-layer 
insulator Was formed to a thickness of 2000 to 1000 A by 
plasma CVD using, for example, TEOS as the material gas, 
and this ?lm Was opened in a WindoW pattern, through Which 
electrodes 710, each consisting of a multilayer ?lm of metal 
or other materials e.g. a multilayer ?lm comprising a tita 
nium nitride of 200 A thickness and an aluminum of 5000 
A thickness, Were formed for connection to the doped 
regions, thus completing the fabrication of the thin-?lm 
transistor. (FIG. 

[0078] [Embodiment 6] 
[0079] FIGS. 8 and 9 shoW the process according to this 
embodiment. FIG. 8 is a cross-sectional vieW taken along a 
dashed line in FIG. 9 (top plan vieW). First, a silicon oxide 
base ?lm Was formed over a substrate (Coning 7059) 801, 
and an amorphous silicon ?lm Was formed to a thickness of 
1000 to 1500 Then, annealing Was performed for 24 to 48 
hours at 600° C. in a nitrogen or argon atmosphere to 
crystalliZe the amorphous silicon. An island of crystalline 
silicon 802 Was thus formed. Further, a silicon oxide ?lm 
803 that Was to act as a gate insulating ?lm Was deposited 
to a thickness of 1000 A, on Which Were formed aluminum 
connections (thickness 5000 804, 805, and 806. (FIG. 

[0080] Then, the substrate Was immersed in an electrolyte, 
and electric current Was applied to these connections 804 to 
806 to form chrome coatings of 2000 to 2500 A thickness, 
807, 808, and 809, on the respective surfaces thereof. Using 
the thus processed connections as a mask, impurities Were 
introduced into the silicon ?lm 802 by plasma doping, thus 
forming doped regions 810. (FIGS. 8(B) and 9(A)) 

[0081] Next, only the chrome coatings 807 to 809 Were 
etched off to expose the surfaces of the connections; in this 
condition, activation Was performed by radiating KrF exci 
mer laser light. (FIG. 8(C)) 

[0082] After that, a polyimide ?lm 811 of 1 to 5 pm 
thickness Was formed only on the portion of the connection 
806 Where a contact hole Was to be formed. For the 
polyimide, a photosensitive polyimide material is preferable 
for use because of ease of patterning. (FIGS. 8(D) and 9(B)) 

[0083] In this condition, the substrate Was immersed in an 
electrolyte, and electric current Was applied to the connec 
tions 804 to 806 to form anodic oxides of 2000 to 2500 A 
thickness, 812, 813, and 814. HoWever, the portion on Which 
the polyimide Was previously formed Was not anodiZed but 
left With a contact hole 815. (FIG. 

[0084] Finally, a silicon oxide ?lm 816 of 2000 to 5000 A 
thickness Was deposited as an inter-layer insulator, through 
Which contact holes Were opened. The inter-layer insulator 
deposited on a portion of the connection 805 (the portion 
inside the dotted line in FIG. 9(C)) Was completely removed 
to expose the underlying anodic oxide 813. Then, connec 
tions/electrodes 817 and 818 each consisting of a multilayer 
?lm of tantalum nitride (thickness 500 and aluminum 
(thickness 3500 Were formed to complete the fabrication 
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of the circuit. In this situation, the connection 818 at the 
portion 819 forms a capacitance With the connection 805 and 
is connected to the connection 806 through the contact 820. 
(FIGS. 8(F) and 9(C)). 

[0085] [Embodiment 7] 
[0086] FIG. 10 shoWs the process according to this 
embodiment. A silicon oxide base ?lm Was formed over a 
substrate (Coning 7059) 901, and an amorphous silicon ?lm 
Was formed to a thickness of 1000 to 1500 Next, 
annealing Was performed for 24 to 48 hours at 600° C. in a 
nitrogen or argon atmosphere to crystalliZe the amorphous 
silicon. An island of crystalline silicon 902 Was thus formed. 
Further, a silicon oxide ?lm 903 that Was to act as a gate 
insulating ?lm Was deposited to a thickness of 1000 A, and 
tantalum connections (thickness 5000 904, 905, and 906 
Were formed. (FIG. 10(A)) 

[0087] Then, chrome coatings 907, 908, and 909 of 500 to 
1500 A thickness Were formed by electroplating on the 
surfaces of these connections. Using the thus processed 
connections as a mask, impurities Were introduced into the 
silicon ?lm 902 by plasma doping, thus forming doped 
regions 910. (FIG. 10(B)) 
[0088] Next, only the chrome coatings 907 to 909 Were 
etched off to expose the boundaries betWeen the doped 
regions 910 and the active region ?anked by them. In this 
condition, activation Was performed by radiating KrF exci 
mer laser light. (FIG. 10(C)) 

[0089] After that, a polyimide ?lm 911 of 1 to 5 pm 
thickness Was formed covering the connection 904. For the 
polyimide, a photosensitive polyimide material is preferable 
for use because of ease of patterning. (FIG. 10(D)) 

[0090] In this condition, electric current Was applied to the 
connections 904 to 906 immersed in an electrolyte, to form 
anodic oxides 912 and 913 of 2000 to 2500 A thickness. 
HoWever, the portion of the connection 904 covered With the 
polyimide Was not anodiZed. (FIG. 10(E)) 

[0091] Finally, a silicon oxide ?lm 914 as an inter-layer 
insulator Was deposited to a thickness of 2000 to 5000 A, 
and contact holes Were opened to expose the doped regions 
910. The inter-layer insulator deposited on a portion of the 
connection 906 Was completely removed to expose the 
anodic oxide 913. Then, connections/electrodes 915 and 916 
each consisting of a multilayer ?lm of titanium nitride 
(thickness 500 and aluminum (thickness 3500 Were 
formed to complete the fabrication of the circuit. In this 
situation, the connection 916 at the portion 917 and the 
connection 906 together form a capacitor With the anodic 
oxide 913 acting as the dielectric. (FIG. 

[0092] Thus, the present invention is effective in enhanc 
ing the reliability of MIS semiconductor devices, such as 
MOS transistors and thin-?lm transistors, fabricated by a 
loW-temperature process. In a speci?c example, When the 
device Was stored for more than 10 hours With its source 
grounded and With its drain or gate or both subjected to a 
voltage of +20 V or over or —20 V or less, there Were 
observed no signi?cant effects on the transistor characteris 
tics. 

[0093] The description of the embodiments has been given 
centering on thin-?lm transistors, but it Will be appreciated 
that the effect of the invention can also be obtained for other 
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MIS semiconductor devices fabricated on single-crystal 
semiconductor substrates. Furthermore, besides silicon used 
in the above embodiments, such semiconductor materials as 
silicon-germanium alloys, silicon carbide, germanium, cad 
mium selenide, cadmium sul?de, gallium arsenide, etc. can 
be used to obtain the same effect as described above. 

[0094] The present invention thus provides advantages in 
industrial use. 

What is claimed is: 
1. A method comprising: 

forming a semiconductor island on an insulating surface; 

forming a gate insulating ?lm on the semiconductor 
island; 

forming a conductive ?lm on the gate insulating ?lm; 

patterning the conductive ?lm to form a gate electrode; 

introducing ions of an impurity into portions of the 
semiconductor island using said gate electrode as a part 
of a mask to form a pair of impurity regions in the 
semiconductor island With a channel forming region 
interposed therebetWeen, 

Wherein said gate electrode has sloped side surfaces, and 
boundaries betWeen said channel forming region and 
said pair of impurity regions extend in parallel With 
said sloped side surfaces of the gate electrode through 
out a thickness of the semiconductor island. 

2. The method according to claim 1 Wherein said semi 
conductor island is crystalliZed by laser irradiation. 

3. The method according to claim 1 Wherein said impurity 
is selected from the group consisting of boron and phos 
phorus. 

4. The method according to claim 1 Wherein said con 
ductive ?lm comprises a material selected from the group 
consisting of aluminum, tantalum, titanium, silicon, titanium 
nitride, and tantalum nitride. 

5. The method according to claim 1 Wherein said con 
ductive ?lm is patterned by isotropic etching. 

6. A method comprising: 

forming a semiconductor island on an insulating surface; 

forming a gate insulating ?lm on the semiconductor 
island; 

forming a mask on the gate insulating ?lm; and 

introducing ions of an impurity into portions of the 
semiconductor island in accordance With said mask to 
form a pair of impurity regions in the semiconductor 
island With a channel forming region interposed ther 
ebetWeen, 

Wherein said mask has sloped side surfaces, and bound 
aries betWeen said channel forming region and said pair 
of impurity regions extend in parallel With said sloped 
side surfaces of the mask throughout a thickness of the 
semiconductor island. 

7. The method according to claim 6 Wherein said semi 
conductor island is crystalliZed by laser irradiation. 

8. The method according to claim 6 Wherein said impurity 
is selected from the group consisting of boron and phos 
phorus. 
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9. The method according to claim 6 wherein said con 
ductive ?lm comprises a material selected from the group 
consisting of aluminum, tantalum, titanium, silicon, titanium 
nitride, and tantalum nitride. 

10. A method comprising: 

forming a semiconductor island on an insulating surface; 

forming a gate insulating ?lm on the semiconductor 
island; 

forming a conductive ?lm on the gate insulating ?lm; 

patterning the conductive ?lm to form a gate electrode; 

coating a surface of the gate electrode With a metal ?lm; 

introducing ions of an impurity into portions of the 
semiconductor island using said gate electrode and said 
metal ?lm as a mask to form a pair of impurity regions 
in the semiconductor island With a channel forming 
region interposed therebetWeen, 

Wherein said metal ?lm has sloped side surface, and 
boundaries betWeen said channel forming region and 
said pair of impurity regions eXtend in parallel With 
said sloped side surfaces of the metal ?lm throughout 
a thickness of the semiconductor island. 

11. The method according to claim 10 further comprising 
a step of removing the metal ?lm after introducing the ions 
of impurity. 

12. The method according to claim 10 Wherein said 
semiconductor island is crystalliZed by laser irradiation. 

13. The method according to claim 10 Wherein said 
impurity is selected from the group consisting of boron and 
phosphorus. 

14. The method according to claim 10 Wherein said 
conductive ?lm comprises a material selected from the 
group consisting of aluminum, tantalum, titanium, silicon, 
titanium nitride, and tantalum nitride. 

15. A method comprising: 

forming a semiconductor island on an insulating surface; 

forming a gate insulating ?lm on the semiconductor 
island; 

forming a conductive ?lm on the gate insulating ?lm; 

patterning the conductive ?lm to form a gate electrode; 

introducing ions of an impurity into portions of the 
semiconductor island using said gate electrode as a part 
of a mask to form a pair of impurity regions in the 
semiconductor island With a channel forming region 
interposed therebetWeen; 

forming an interlayer insulating ?lm over at least the 
semiconductor island and the gate electrode; 

forming an opening in the interlayer insulating ?lm; and 

forming a multi-layer electrode on the interlayer insulat 
ing ?lm Wherein said multilayer electrode comprises a 
titanium nitride ?lm and an aluminum ?lm and elec 
trically connected to one of the impurity regions, 
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Wherein said gate electrode has sloped side surfaces, and 
boundaries betWeen said channel forming region and 
said pair of impurity regions eXtend in parallel With 
said sloped side surfaces of the gate electrode through 
out a thickness of the semiconductor island. 

16. The method according to claim 15 Wherein said 
semiconductor island is crystalliZed by laser irradiation. 

17. The method according to claim 15 Wherein said 
impurity is selected from the group consisting of boron and 
phosphorus. 

18. The method according to claim 15 Wherein said 
conductive ?lm comprises a material selected from the 
group consisting of aluminum, tantalum, titanium, silicon, 
titanium nitride, and tantalum nitride. 

19. A method comprising: 

forming a semiconductor island on an insulating surface; 

forming a gate insulating ?lm on the semiconductor 
island; 

forming a conductive ?lm on the gate insulating ?lm; 

patterning the conductive ?lm to form a gate electrode; 

coating a surface of the gate electrode With a metal ?lm; 

introducing ions of an impurity into portions of the 
semiconductor island using said gate electrode and said 
metal ?lm as a mask to form a pair of impurity regions 
in the semiconductor island With a channel forming 
region interposed therebetWeen; 

forming an interlayer insulating ?lm over at least the 
semiconductor island and the gate electrode; 

forming an opening in the interlayer insulating ?lm; and 

forming a multi-layer electrode on the interlayer insulat 
ing ?lm Wherein said multilayer electrode comprises a 
titanium nitride ?lm and an aluminum ?lm and elec 
trically connected to one of the impurity regions, 

Wherein said metal ?lm has sloped side surface, and 
boundaries betWeen said channel forming region and 
said pair of impurity regions eXtend in parallel With 
said sloped side surfaces of the metal ?lm throughout 
a thickness of the semiconductor island. 

20. The method according to claim 19 further comprising 
a step of removing the metal ?lm after introducing the ions 
of impurity. 

21. The method according to claim 19 Wherein said 
semiconductor island is crystalliZed by laser irradiation. 

22. The method according to claim 19 Wherein said 
impurity is selected from the group consisting of boron and 
phosphorus. 

23. The method according to claim 19 Wherein said 
conductive ?lm comprises a material selected from the 
group consisting of aluminum, tantalum, titanium, silicon, 
titanium nitride, and tantalum nitride. 


